The title compound [systematic name (6S,12S)-methyl 6-(allyloxymethyl)-12-isopropyl-2,2,9,9-tetramethyl-4,7,10-trioxo-3-oxa-5,8,11-triazatridecan-13-oate], C 21 H 37 N 3 O 7 , containing the little studied O-allyl-l-serine residue [Ser(All)], crystallizes in the monoclinic space group C2 with one molecule in the asymmetric unit. The compound is an analogue of the Ser140-Val142 segment of the water channel aquaporin-4 (AQP4). It forms a distorted type-II -turn with a P II -3 10L -P II backbone conformation (P II is polyproline II). The overall backbone conformation is markedly different from that of the CO(Pro139)-Val142 stretch of rat AQP4, but is quite similar to the corresponding segment of human AQP4, despite significant differences at the level of the individual residues. The side chain of the Ser(All) residue adopts a gauche conformation relative to the backbone CO-C and C -N bonds. The H atoms of the two CH 2 groups in the Ser(All) side chain are almost eclipsed. The crystal packing of the title compound is divided into one-molecule-thick layers, each layer having a hydrophilic core and distinct hydrophobic interfaces on either side.
Comment
The title peptide, (I), was prepared as part of an ongoing effort (Jacobsen et al., 2009) to synthesize analogues of the Pro138-Gly144 segment of the extracellular loop C of the water channel aquaporin-4 (AQP4) (Hasegawa et al., 1994; Jung et al., 1994; Hiroaki et al., 2006) , which has emerged as an important target for the treatment of brain oedema (Nielsen et al., 1997; Manley et al., 2000; . The residues Pro139 and Val142 are thought to mediate adhesive interactions between AQP4 molecules in contiguous cell membranes (Hiroaki et al., 2006; Engel et al., 2008; Tani et al., 2009) . The electron diffraction structure of rat AQP4 (rAQP4) revealed that the segment Ser140-Gly144 forms a short 3 10 -helix [Protein Data Bank (PDB) code 2D57 (Hiroaki et al., 2006) and PDB code 2ZZ9 (Tani et al., 2009)] . We believe that compounds structurally mimicking a loop C segment containing at least one of the residues mediating adhesion can potentially have affinity for AQP4 and serve as lead compounds for the development of selective AQP4 ligands and, eventually, AQP4 inhibitors. (I) may be regarded as an analogue of the Ser140-Val141-Val142 segment of loop C, where the Ser residue has been allylated and Val141 has been (conservatively) substituted with another, structurally related, hydrophobic residue. The crystal structure of (I) renders a comparison with the backbone conformation of the AQP4 Ser140-Val142 segment possible. We have previously reported the crystal structure of a dipeptide analogue, Boc-Val-ValOMe (Boc = tert-butoxycarbonyl), of the Val141-Val142 segment of AQP4 (Jacobsen et al., 2011) .
Regardless of the relationship between (I) and loop C of AQP4, the presence of two non-proteinogenic residues in (I), i.e. the synthetic residue O-allyl-l-serine [Ser(All)] and the naturally occurring achiral ,-disubstituted residue -aminoisobutyric acid (Aib), makes the crystal structure of (I) potentially interesting per se. The Aib residue is found in a large number of antibiotic peptides produced by fungi known as peptaibiotics (Degenkolb & Brü ckner, 2008) . It is a conformationally restricted residue that preferentially adopts a 3 10 -or -helical conformation (Ramachandran & Chandrasekaran, 1972; Marshall & Bosshard, 1972; Venkatraman et al., 2001; Aravinda et al., 2008) . Compared to Aib, the properties of the Ser(All) residue have been less studied. As of 31 July 2011, only 170 compounds (including non-peptidic compounds) containing the O-allyl-l-serine fragment, (II), have been assigned a Chemical Abstracts Service Registry Number (American Chemical Society, 2008) .
In many cases, the purpose of incorporating one or more Ser(All) residues in a peptide sequence has been to synthesize conformationally constrained peptides by ring-closing olefin organic compounds metathesis (RCM) (Blackwell & Grubbs, 1998; Blackwell et al., 2001; Hanessian et al., 2006; Jacobsen et al., 2009; Yamagata et al., 2011) . The structural and pharmacological effects of RCM in peptides have recently been reviewed (Jacobsen et al., 2010) . A small number of crystal structures have been obtained of the resulting cyclic peptides or hydrogenated versions thereof (Blackwell & Grubbs, 1998; Hanessian et al., 2006; Boal et al., 2007; Abell et al., 2009; Yamagata et al., 2011) . Perhaps because the properties of the cyclic peptides obtained after RCM have constituted the primary focus of several of the studies for which Ser(All)-containing peptides have been synthesized, only a single crystal structure, as far as we have been able to establish, has been reported of a peptide containing the O-allyl-l-serine residue (Boal et al., 2007) . To determine the structural effect of i ! i+3 side-chain-to-sidechain RCM in the context of a predominantly 3 10 -helical peptide, Boal et al. (2007) determined the crystal structure of an Aib-rich octapeptide, Boc-Aib-Aib-Aib-Ser(All)-Aib-AibSer(All)-Aib-OMe, (III), before and after RCM. Similarly to (I), the O-allyl-l-serine residue in (III) is succeeded by an Aib residue.
So far, no crystal structures of peptides containing the closely related residues O-allyl-l-threonine or S-allyl-l-cysteine have been reported.
A turn is defined as a segment of a peptide which reverses the direction of the backbone (Venkatachalam, 1968; Rose et al., 1985) . A -turn is a turn comprising four residues which may, or may not, be stabilized by an intramolecular i ! i+3 hydrogen bond (Venkatachalam, 1968; Lewis et al., 1973; Richardson, 1981; Rose et al., 1985; Hutchinson & Thornton, 1994; Guruprasad & Rajkumar, 2000) . The backbone of (I) changes direction by approximately 180 from the quaternary carbon (C1) of the Boc group to the C -atom (C16) of the Val residue, thus constituting a -turn (Fig. 1a) . The distance between the two C atoms is 5.908 (5) Å . In contrast to most -turn subtypes, which feature an i ! i+3 intramolecular hydrogen bond, (I) does not form any intramolecular hydrogen bonds. The HÁ Á ÁO distance between the carbonyl O atom of the Boc group and the NH group of the Val residue is, however, relatively short at 3.34 Å [NÁ Á ÁO = 3.898 (3) Å ]. As a result of the turn, the shape of the peptide may be characterized as an (open) disc with a protruding Ser(All) side chain.
It is well established that Aib can promote/stabilize helical conformations when incorporated in peptides (Burgess & Leach, 1973; Karle & Balaram, 1990; Marshall et al., 1990) . However, no such effect is evident in the crystal structure of (I). Instead the two chiral residues adopt polyproline II (P II ) conformations, with (', ) of Ser(All) and Val being [À59.0 (4), 159.2 (3) ] and [À70.3 (3), 143.5 (3) ], respectively. The P II conformation is believed to be an important local conformation of 'unfolded' peptides (Shi et al., 2006; Makowska et al., 2006) . Because it lacks a stereogenic centre, the Aib residue can adopt left-or right-handed helical conformations with equal probability when incorporated in achiral peptides. However, when it is involved in intramolecular hydrogen bonding in a helical peptide containing l-amino acids it preferentially adopts right-handed helical conformations (Aravinda et al., 2008) . The central Aib residue in the nonhelical peptide (I) adopts a left-handed 3 10 -helical (3 10L ) conformation, with (', ) angles of [58.7 (4), 33.1 (4) ]. This conformation allows the formation of favourable intramolecular hydrophobic and van der Waals interactions between the tert-butyl and isopropyl groups and between the Ser(All) side chain and the Aib side chains. The backbone conformation of (I) closely resembles the conformations of several other fully protected tripeptides with a centrally placed Aib residue, e.g. Boc-l-Phe-Aib-l-Ile-OMe (Das et al., 2005) , Boc-l-Ile-Aib-l-Val-OMe (Dutt et al., 2007) , Boc-lAla-Aib-l-Val-OMe (Maji et al., 2004) , Boc-l-Ala-Aib-l-IleOMe (Maji et al., 2004) and Boc-l-Ala-Aib-l-Ala-OMe, (IV) (Bosch et al., 1984) . (IV) crystallizes in the space group P2 1 and forms a distorted -turn with a P II -3 10L -P II backbone conformation very similar to that of (I) (Fig. 1b) . Recent conformational studies of (IV) by NMR, IR, vibrational circular dichroism (VCD) and electronic circular dichroism (ECD) spectroscopy, however, suggest that the structure of (IV) is more complex in aqueous solution than in the solid state (Schweitzer-Stenner et al., 2007) . In contrast to the crystal structure, the population of Aib residues adopting a right-handed 3 10 -helical conformation appears to be greater than the population of Aibs adopting a left-handed conformation, but it is difficult to predict whether this would also be the case for (I) in aqueous solution.
Based on the observed (', ) angles of the Ser(All), Ala (residue i+1) and Aib (residue i+2), the structures of (I) and (IV) do not fall naturally into any of the standard -turn classes (Richardson, 1981; Rose et al., 1985; Hutchinson & Thornton, 1994; Guruprasad & Rajkumar, 2000) . The most similar type, the type-II -turn, has dihedral angles (' i+1 , i+1 ) = (À60, 120
) and (' i+2 , i+2 ) = (80, 0 ) (Guruprasad & Rajkumar, 2000) .
Compared with the CO(Pro139)-Ser140-Val141-Val142 segment of rAQP4, (I) adopts a completely different overall conformation, as well as at the level of the individual residues (Table 1) . While the Ser(All) and Aib residues of (I) adopt P II and left-handed 3 10 -helical conformations, respectively, Ser140 of rAQP4 contribute to forming a short right-handed 3 10 -helix. In contrast, despite very different individual torsion angles, the overall backbone conformation of the CO(Pro139)-Ser140-Val141-Val142 segment of human AQP4 (hAQP4) [Protein Data Bank (PDB) code 3GD8; Ho et al., 2009] (Fig. 1c) is quite similar to that of (I). One notable difference is that the central Ser140-Val141 peptide bond is flipped; (I) may be characterized as a distorted type-II -turn, while the hAQP4 fragment has a distorted type-I -turn conformation.
The side chain of the Ser(All) residue adopts a gauche conformation relative to both backbone bonds [N1-C6-C7-O3 = 69.5 (3) and C11-C6-C7-O3 = À51.9 (3) ]. The same conformation is observed for one of the Ser(All) residues in the crystal structure of the octapeptide (III) (Boal et al., 2007) , which may be stabilized by favourable C-H ! * C-O and C-H !* C-N hyperconjugative interactions. On the other hand, the C -O bond in the side chain of the second Ser(All) in (III) is positioned anti relative to the CO-C bond and gauche relative to the C -N bond, suggesting that the energy difference between the two side-chain conformers could be small. Going further out in the side chain, the H atoms of the two CH 2 groups are almost eclipsed in all three cases. At first sight, this would appear to be an unfavourable conformation, but it should be noted that this arrangement reduces the steric repulsion between the C-H groups and the oxygen lone pairs and furthermore allows some overlap between the four C-H orbitals and the two * C-O orbitals. Obviously, it is difficult, based on only three observations in two crystal structures, to draw any firm conclusions about the conformational preferences of the Ser(All) side chain without recourse to ab initio or density functional theory (DFT) calculations, which is beyond the scope of the current study.
The crystal packing of (I) is divided into one-molecule-thick layers along the c axis, each layer having a B-A-B 0 composition, where A represents a hydrophilic core, and B and B 0 are two different sets of hydrophobic groups (Fig. 2) . In part A the peptide backbones form two intermolecular hydrogen bonds that generate one C(11) head-to-tail chain along the ab diagonal and one C(5) chain along the b axis (Fig. 3) ; for graph-set notation, see Etter et al. (1990) . Notably, the N3-H3 donor, which fails to form an intramolecular hydrogen bond, is only involved in a very weak interaction ( Table 2 ). The hydrophobic part B of each molecular layer comprises the Aib side chains and terminal Ser(All) olefin/ vinyl groups, while part B 0 has contributions from the isopropyl groups of the Val residues together with the tert- ii contact (see Table 2 ; orange in the electronic version of the paper) is indicated with an arrow.
[Also in the electronic version of the paper, the tert-butyl group, the Ser(All) side chain and the Val chain are depicted as black, orange and violet spheres, respectively.]
-interactions (Hunter & Sanders, 1990 ) with each other. The internuclear distance between the partially positively charged terminal H atoms and the two C atoms in the system is on the order of 3.7-4.1 Å .
Experimental
The N-(tert-butoxycarbonyl)-O-allyl-l-serine building block was synthesized in an analogous manner to N-(tert-butoxycarbonyl)-Obenzyl-l-serine (Sugano & Miyoshi, 1976) by double deprotonation of N-(tert-butoxycarbonyl)-l-serine with NaH in dimethylformamide, followed by alkylation with allyl bromide (Jacobsen et al., 2009) . The title compound, (I), was synthesized by standard solution-phase peptide coupling of N-(tert-butoxycarbonyl)-O-allyl-l-serine and -aminoisobutyryl-l-valine methyl ester, which was generated in situ from -aminoisobutyryl-l-valine methyl ester trifluoroacetate by reaction with N,N-diisopropylethylamine. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) hydrochloride was used as coupling reagent and 1.0 equivalent of 1-hydroxybenzotriazole (HOBt) was added to catalyse the reaction and suppress epimerization (Jacobsen et al., 2009) . The crude product was recrystallized twice from ethyl acetatehexane (4:1 v/v). About 5 mg of (I) was dissolved in 30 ml of ethyl acetate. Crystals appeared as water vapour diffused into the solution at room temperature. 
Crystal data
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All H atoms were positioned with idealized geometry, with fixed N-H = 0.88 Å and C-H = 0.95 (sp 2 ), 0.98 (methyl), 0.99 (methylene) or 1.00 Å (methine), while permitting free rotation for the amino groups. U iso (H) values were set at 1.2U eq of the carrier atom or at 1.5U eq for methyl groups. In the absence of significant anomalous scattering effects, 1774 Friedel pairs were merged.
Data collection: APEX2 (Bruker, 2007 ); cell refinement: SAINTPlus (Bruker, 2007) ; data reduction: SAINT-Plus; program(s) used to solve structure: SHELXS97 (Sheldrick, 2008 ); program(s) used to refine structure: SHELXL97 (Sheldrick, 2008) ; molecular graphics: SHELXTL (Sheldrick, 2008) ; software used to prepare material for publication: SHELXTL.
Supplementary data for this paper are available from the IUCr electronic archives (Reference: SF3155). Services for accessing these data are described at the back of the journal. Table 1 Main torsion angles ( ) in the crystal structure of (I) and for the Ser-ValVal segments of three AQP4 structures from the PDB (identifier code given). 
